Introduction {#s2}
============

Since its emergence, the 2019 strain of coronavirus (hereafter COVID-19) has been a rising international cause of morbidity and mortality. This global devastation is partly explained by the nature of viral transmission; the median incubation time from COVID-19 infection to the appearance of symptomatic dyspnea ranges from four to seven days, creating a large window of time for transmission during which patients have few symptoms ([@bib33]; [@bib40]). In addition, many infected patients remain completely asymptomatic and yet are fully capable of transmitting the virus ([@bib6]; [@bib75]). Also contributing to the destructive power of this pandemic is the significantly higher rate of morbidity and mortality in patients who ultimately develop symptoms. The majority of patients with severe disease develop acute respiratory distress syndrome (ARDS), a clinical phenomenon marked by development of bilateral infiltrates and hypoxemia, defined as a decrease in the ratio of arterial PO~2~ to inhaled FiO~2~ ([@bib85]). Almost all COVID-19 patients who develop ARDS require mechanical ventilation; these patients tend to remain ventilator dependent for 10--14 d, and most ventilated patients ultimately succumb to the disease ([@bib9]; [@bib93]).

Generally speaking, the most common therapeutic options for viral infections are directed at either blocking viral entry or replication or promoting durable cellular and humoral immunity for the uninfected population via vaccination. Unfortunately, there is no Food and Drug Administration--approved medication to block or limit COVID-19 entry or replication, and vaccine development remains in the early stages. Furthermore, we understand little regarding the factors that govern either development or remission of severe disease. To date, the most significant predictors of disease severity relate to either activation or suppression of the host immune response. In this Perspective, we will discuss the role of both innate and adaptive immune responses in contributing to the clinical course of COVID-19 infection and highlight potential strategies for therapeutic intervention.

COVID-19: The case for innate immune hyperactivation {#s3}
====================================================

There is a compelling case for innate immune hyperactivity in driving the acute lung injury that defines severe COVID-19 infections. Tissue-resident macrophages have been implicated in the process of epithelial damage that initiates ARDS ([@bib42]; [@bib69]). Macrophages are activated by either damage-associated molecular patterns (DAMPs) such as intracellular contents released from dying cells and/or proteins released following tissue injury (such as heat-shock proteins, hyaluronan fragments, or heparin sulfate; [@bib46]), or pathogen-associated molecular patterns (PAMPs) such as viral RNA or oxidized phospholipids ([@bib23]; [@bib41]). Both DAMPs and PAMPs are likely generated during initial infection and lysis of pneumocytes by COVID-19. These molecules activate multiple innate immune pathways, through either TLRs ([@bib58]), NLRP3/inflammasome activation ([@bib56]), or triggering of cytoplasmic DNA sensors such as cGAS-STING and RIG-I-MAVS ([@bib39]; [@bib68]; [@bib82]). The resultant signal transduction drives production of cytokines the exert both autocrine and paracrine effects, activating antiviral gene expression programs in neighboring cells as well as recruiting additional innate and adaptive immune cells with distinct roles in antiviral immunity and tissue homeostasis.

The inflammatory cascade initiated by macrophages contributes to both viral control and tissue damage. Production of type I and type III interferons promotes intracellular antiviral defenses in neighboring epithelial cells, which may limit viral dissemination, while release of IL-6 and IL-1β promotes recruitment of neutrophils and cytotoxic T cells ([Fig. 1](#fig1){ref-type="fig"}). Within the lung parenchyma, activated neutrophils release leukotrienes and reactive oxygen species that directly induce pneumocyte and endothelial injury, directly leading to acute lung injury. As local viral control is achieved, macrophage-derived IL-6 promotes T follicular helper differentiation as well as B cell germinal center formation and antibody production to confer long-term immunity ([@bib36]). In severe or persistent viral infections, however, persistent neutrophil-mediated alveolar damage leads to interstitial flooding, ventilation/perfusion mismatching, and hypoxemic respiratory failure.

![**Innate immune regulation of antiviral defense and tissue toxicity**. Virally derived DAMPs and PAMPs activate tissue-resident macrophages. Downstream production of IL-6 and IL-1β recruit neutrophils and CD8^+^ T cells, which control viral growth (left) but also induce tissue damage, leading to alveolar flooding and fibrosis (right). MMP, matrix metalloproteases.](JEM_20200678_Fig1){#fig1}

Significant evidence indicates that a dysregulated innate immune response contributes to the clinical presentation of patients with severe COVID-19 infections. COVID-19--infected patients harbor an expanded population of circulating monocytes that secrete both IL-6 and IL-1β ([@bib89] *Preprint*; [@bib99] *Preprint*); as a result, patients with COVID-19 have elevated levels of serum IL-6, as well as lactate dehydrogenase levels, compared with healthy controls ([@bib16]). Circulating lactate dehydrogenase is a marker of pyroptosis---a form of nonprogrammed cell death driven primarily by inflammasome-mediated IL-1β production that results in release of cytoplasmic proteins and factors ([@bib71]). In particular, the severity of IL-6 elevation correlates with the need for mechanical ventilation and ultimately with mortality, likely reflecting the distinct role that IL-6 plays in amplifying the innate immune response by recruiting additional immune mediators ([@bib16]). This is in contrast to IL-1β, which is generated as a precursor transcript and is cleaved in response to inflammasome activation, after which it acts locally to enhance neutrophil cytotoxicity ([@bib56]). These elevations in innate immune cytokines have led to the hypothesis that an innate immune-mediated "cytokine storm," similar to the cytokine release syndrome (CRS) observed in patients receiving treatment with chimeric antigen receptor--transduced T cells (CAR-T), is primarily responsible for the toxicity and end-organ damage mediated by COVID-19 infections ([@bib32]; [@bib59]). A role for cytokine-driven neutrophil mobilization in COVID-associated lung toxicity may explain why neutrophilia, despite the absence of secondary bacterial infections, is associated with mortality ([@bib48]), and why administration of monoclonal antibodies targeting IL-6 has shown initial clinical promise ([@bib31]).

However, caution is warranted before invoking IL-6--mediated CRS as the sole pathological driver in severe COVID-19 infections. First, COVID-19 patients lacks most of the hallmarks of CRS, including hypotension, capillary leak syndrome, and neurotoxicity ([@bib37]). Second, the clinical course of CRS is far more acute than that seen in COVID-19 infections, with fever occurring within 2 d and neurotoxicity within 5 d ([@bib62]). Accordingly, serum IL-6 levels are far lower in COVID-19 infections than in CRS, with peak levels typically less than 100 pg/ml in COVID-19, compared with 1,000--10,000 pg/ml in CRS ([@bib16]; [@bib57]). Third, deaths in COVID-19--infected patients appear to be due to primary respiratory failure, rather than from distributive shock or status epilepticus, as was predominantly seen in CRS-associated deaths ([@bib52]).

Perhaps most importantly, the clinical results of therapeutic blockade of circulating IL-6 with tocilizumab or siltuximab are thus far mixed; one clinical trial showed evidence of improvement in 33% of patients, at least suggesting that in many cases, a hyperinflammatory response is not primarily responsible for COVID-19--associated morbidity and mortality ([@bib31]). This may be in part due to ongoing IL-6 production that overcomes direct targeting and may explain the more favorable early data with IL-6 receptor blockade ([@bib94] *Preprint*). However, persistent symptoms in the face of IL-6 blockade also makes sense when one considers the underlying etiology of cytokine release in viral infections as compared with CAR-T cell therapy ([Fig. 2](#fig2){ref-type="fig"}). In CAR-T--mediated CRS, macrophage-dependent production of IL-1 and IL-6 occurs secondary to T cell--mediated killing of tumor cells ([@bib30]; [@bib63]). Inhibiting this secondary innate response prevents immune-mediated toxicity while permitting ongoing CAR-T--dependent antitumor efficacy. In the case of viral infections such as COVID-19, however, macrophage activation is occurring as a primary response to viral infection ([@bib84]). Dampening the innate immune response in this setting is likely to mitigate off-target toxicity but may be permissive for viral dissemination in the absence of an alternative source of viral control, either through pharmacologic therapy or alternative means of immune-mediated control. It is also worth noting that while many arms of the innate immune response are potently activated by COVID-19, the type I and type III interferon response appears to be muted in response to COVID-19 infection ([@bib10] *Preprint*), suggesting that some aspects of the innate immune response to COVID-19 might actually benefit from careful amplification ([@bib45]). Finally, IL-6 was initially described as a member of the type I interferon family (IFN-β2; [@bib73]) but was later found to have no intrinsic antiviral activity ([@bib72]). This suggests that antiviral activity and host tissue toxicity might be at least partially uncoupled, and therefore inhibition of select arms of the innate immune response (such as IL-6--mediated neutrophil recruitment) could limit tissue toxicity while permitting ongoing antiviral T and B cell--mediated adaptive immunity and memory.

![**Distinctions between CAR-T and virally mediated hypercytokinemia.** **(A and B)** During CAR-T cell--driven CRS (A), blockade of macrophage-derived IL-1 and IL-6 limits tissue toxicity without interfering with antitumor immunity. However, during viral infections (B), blockade of macrophage function may impair both innate and adaptive viral control.](JEM_20200678_Fig2){#fig2}

COVID-19: The case for adaptive immune dysregulation {#s4}
====================================================

Regardless of whether innate immune-mediated toxic inflammation contributes to COVID-19--related morbidity and mortality, it is clear that viral dissemination is a key driver of severe disease. The rare histopathologic specimens obtained either postmortem or via liver or kidney biopsy in COVID-19--infected patients have almost universally revealed the presence of inclusion bodies, consistent with viral persistence ([@bib19] *Preprint*; [@bib22] *Preprint*; [@bib96]). Furthermore, detection of circulating viral RNA in the peripheral blood is strongly linked to disease severity ([@bib18] *Preprint*).

What is permitting viral dissemination in patients who succumb to COVID-19 infections? Insufficient activation of type I and type III interferons is undoubtedly a key contributor to innate immune failure to control viral persistence. In addition, decades of mechanistic work in immunology have demonstrated that an intact T cell--mediated adaptive immune response is essential for clearing and maintaining long-term suppression of viral infections; this is supported by the significantly increased risk of viral reactivation in patients whose adaptive immune system is suppressed ([@bib12]; [@bib78]). During acute viral infections, virally derived peptides activate both naive CD8^+^ and CD4^+^ T cell proliferation and differentiation. Effective viral clearance, which occurs within a week of initial infection, requires both CD8^+^ effector T cell--mediated killing of virally infected cells as well as CD4^+^ T cell--dependent enhancement of CD8^+^ and B cell responses ([@bib2]). However, T cell--dependent cytokine release and direct cellular cytotoxicity can also contribute to tissue inflammation and toxicity and accelerate mortality particularly during severe viral infections. Indeed, the ability of T cell responses to cause tissue damage explains the importance of endogenous inhibitory immunoreceptors (otherwise known as immune "checkpoints") in limiting effector T cell responses ([@bib7]). Following viral clearance, the majority of virus-specific T cells undergo apoptosis; however, retention of a virus-specific memory T cell population is required for long-term antiviral immunity ([Fig. 3 A](#fig3){ref-type="fig"}). The importance of the adaptive immune response in viral clearance suggests that chronic viral infections must, by definition, either evade or suppress adaptive immunity. Over 80 yr ago, genetic variants of viral strains that persistently infected immunocompetent mice were identified ([@bib86]). Rather than failing to activate T cell responses, these viral infections were characterized by persistent antigenic activation of T cells, ultimately driving a nonresponsive cell state known as T cell "exhaustion" ([@bib79]). This phenotype has been described in numerous chronic viral infections and is often accompanied by lymphopenia ([Fig. 3 B](#fig3){ref-type="fig"}; [@bib61]).

![**Immune dysregulation during chronic viral infections.** **(A and B)** During acute viral infections (A), early innate and adaptive immune function lead to viral suppression, followed by development of adaptive immunity. During chronic viral infections (B), persistent virus leads to T cell depletion and exhaustion while triggering ongoing innate immune inflammation. NK, natural killer.](JEM_20200678_Fig3){#fig3}

Is the clinical toxicity observed during COVID-19 infection a product of adaptive immune hyperactivity or suppression? The clinical presentation of COVID-19 infection is more consistent with a subacute rather than an acute viral illness. Compared with H1N1 influenza infections, in which the median incubation time was 2 d and the majority of intensive care unit admissions occurred within 24--48 h of admission ([@bib8]), COVID-19--infected patients present to the hospital with a median incubation time of 5--7 d and are typically hospitalized for an additional 3--4 d before requiring intensive care unit admission and/or mechanical ventilation ([@bib40]). This subacute pattern of progression raises the possibility that immunosuppression, due both to T cell depletion and exhaustion, contributes to COVID-19 viral persistence and mortality. Lymphopenia is the most consistent laboratory abnormality in COVID-19--infected patients. Notably, progressive lymphodepletion is observed in patients who clinically deteriorate during COVID-19 infection, whereas recovery of lymphocyte counts tends to directly precede clinical recovery ([@bib17] *Preprint*). Similar to T cells from both mice and humans with chronic viral infections ([@bib20]; [@bib27]; [@bib90]), both lung-resident and circulating T cells from COVID-19 patients potently up-regulate markers of T cell exhaustion, including PD-1 and Tim-3 ([@bib21] *Preprint*). Lung-infiltrating CD8^+^ T cells from severe COVID-19 patients exhibit transcriptional hallmarks of terminal T cell exhaustion including expression of *CCL4* and *GZMB*; notably, the most expanded T cell population in the bronchoalveolar lavage of severe COVID-19 patients is marked by expression of *MKI67* and *TYMS*, genes that are specifically up-regulated in terminally exhausted CD8^+^ T cells extracted from melanoma tumors ([@bib76]). Conversely, single-cell sequencing of peripheral blood mononuclear cells of patients recovering from COVID-19 infection shows signs of clonal expansion, T cell activation, and T cell memory formation, consistent with an effective adaptive immune response ([@bib89] *Preprint*). Notably, both lymphopenia and T cell exhaustion have been observed in recent viral pandemics ([Box 1](#b1){ref-type="boxed-text"}). This does not rule out a contribution of CD8^+^ T cells to inflammation and lung pathology; indeed, it is worth noting that many markers of T cell exhaustion are also up-regulated in effector T cells, and lung-infiltrating T cells from more mild COVID infections significantly up-regulated genes related to T cell activation. We suggest that CD8^+^ T cell inflammation--driven lung pathology occurs early in disease during the rapid expansion of short-lived effector CD8^+^ T cells after which persistent viral antigen may lead to T cell inactivation, exhaustion, and depletion. A role for the adaptive immune system in suppressing COVID-19 viral dissemination may explain the association of COVID-19 disease severity with age. Age-related waning of adaptive immune function, also known as "immunosenescence," is characterized by a loss of T cell clonal diversity and a contraction of naive T cells with proliferative capacity ([@bib97]). A smaller, more restricted T cell repertoire is likely more prone to antigen-mediated exhaustion during chronic viral infections; conversely, the relatively diverse and expanded pool of naive T cells may explain the relatively diminished severity of COVID-19 infections in children ([@bib95]).

Box 1.. Are there immunological similarities between COVID-19 and recent pandemics?
-----------------------------------------------------------------------------------

In the 2003 SARS-CoV pandemic, single stranded RNA fragments from SARS-CoV viral particles were shown to markedly activate TLR-mediated innate immune responses ([@bib54]). Lymphopenia also occurred in the overwhelming majority of patients ([@bib51]; [@bib70]; [@bib87]) and was associated with severe disease ([@bib64]; [@bib91]). SARS also significantly affected children, in whom lymphopenia was also a common feature ([@bib38]). Conversely, development of virus-specific memory T cells was associated with resolution of disease and protection from subsequent infection ([@bib15]; [@bib66]).

In the 2009 H1N1 influenza A pandemic, lymphopenia occurred in the majority of patients ([@bib13]; [@bib67]). In stark contrast to COVID-19, H1N1 occurred frequently and caused significant morbidity in children; of note, H1N1 infection caused lymphopenia in the majority of pediatric patients ([@bib74]). Biologically, modeling of H1N1 infection in mice revealed high levels of oxidative stress within the lungs ([@bib14]); this was associated with marked elevation of systemic innate inflammatory factors including MCP-1 and IL-6 ([@bib28]), and elevated IL-6 correlated with disease severity ([@bib11]; [@bib35]). Notably, peripheral blood mononuclear cells from patients showed intact innate immune responses to heat-killed bacteria, but defective responses to T cell stimulation ([@bib29]). This was associated with up-regulation of inhibitory immunoreceptors such as PD-1 and PD-L1 in the lungs and peripheral blood of patients ([@bib25]; [@bib88]).

In the 2013 MERS-CoV pandemic, lymphopenia occurred somewhat less frequently ([@bib5]) but was also independently associated with disease severity, and recovery was associated with improved outcomes ([@bib44]; [@bib60]). This defect was specific to MERS-CoV--specific CD8^+^ T cells, which inversely correlated with disease severity and duration of viral shedding ([@bib100]). Elevations in serum IL-6 levels were also observed in patients whose clinical course worsened ([@bib43]).

Therapeutically, high-dose glucocorticoids are the only strategy used thus far to modulate the adaptive immune system of COVID-19 patients. While not studied in a controlled fashion, available data thus far suggest that high-dose systemic steroids are at best ineffective and possibly harmful. Clinical worsening following glucocorticoid administration is consistent with a contributing role for T cell suppression in viral persistence and is in line with evidence showing a similar lack of efficacy of glucocorticoids in other severe viral infections ([@bib4]; [@bib50]). Conversely, treatments aimed at reducing T cell exhaustion or death have shown efficacy in promoting clearance of chronic viral infections. For example, both treatment with cytokines that enhance T cell self-renewal, such as IL-7, and blockade of inhibitory immunoreceptor-based interactions that suppress T cell proliferation, such as PD-1/PD-L1, have individually been shown to promote antiviral immunity ([@bib7]; [@bib65]). One commonly used therapeutic strategy in severe viral infections, but not yet in COVID-19--infected patients, is the use of antioxidants such as N-acetylcysteine (N-Ac). N-Ac may be particularly beneficial in clinical syndromes driven by high redox stress, such as viral infections and ARDS ([@bib53]). Accordingly, N-Ac has shown modest benefit in ARDS ([@bib83]; [@bib98]) as well in influenza ([@bib49]), dengue ([@bib1]; [@bib47]; [@bib77]), rotavirus ([@bib34]), HIV ([@bib3]; [@bib26]; [@bib55]), and viral hepatitis ([@bib80]). While N-Ac is likely to have multiple benefits in patients with chronic viral infections, including protection of lung pneumocytes, hepatocytes, and colonic epithelial cells from virally driven apoptosis, it has the notable ability to reverse lymphopenia in this setting, suggesting that oxidative stress may contribute to lymphopenia during chronic viral infection.

An integrated immune-based approach {#s5}
===================================

Is there a way to therapeutically balance immune toxicity and immunosuppression to improve outcomes in COVID-19--infected patients? To answer to this question, we require a deeper understanding of both innate and adaptive immune evolution over the course of COVID-19 illness. To this end, there is a need to obtain serial peripheral blood, and, when technically feasible and clinically appropriate, bronchoalveolar lavage samples over the course of COVID-19 infection and clearance. Longitudinal assessment of patients during the course of illness is essential, as it may help determine whether distinct clinical presentations are driven by differential immune responses. For example, it remains unclear whether the antiviral immune responses in patients who rapidly develop respiratory failure upon hospital admission are distinct from those in patients who develop respiratory failure 7--10 d after hospital admission. The answer to this question will have key implications for the appropriate design of clinical trials aimed as modulating the anti-COVID immune response. Longitudinal assessment of anti-COVID immune responses is particularly important in the setting of therapeutic interventions, both antiviral and immune-targeted. For example, patients who respond to IL-6 blockade have a parallel improvement in lymphocyte counts ([@bib94] *Preprint*), suggesting that in some cases, COVID-19--associated lymphopenia may be a product of bystander inflammation ([@bib81]).

Longitudinal sampling of COVID-19--infected patients with either inherent or iatrogenic disruption of host immunity may help identify specific regulators of the anti-COVID immune response ([Box 2](#b2){ref-type="boxed-text"}). A few key patient cohorts are worth noting. First, patients with malignancies have in many cases discrete defects in B cell, T cell, and myeloid cell maturation and are often treated with agents that affect individual immune cell subpopulations. Second, patients with solid organ transplants require ongoing T cell immunosuppression, offering an opportunity to explore the contribution of the T cell--dependent immune response to COVID-19. Finally, patients with rheumatologic diseases often have dysregulation of innate immunity, due either to their disease itself or to the multiple distinct innate immune-targeted pharmacological agents that are Food and Drug Administration--approved for treatment for rheumatologic conditions.

Box 2.. Monitoring the natural history of COVID-19 infection in immunologically distinct patient populations
------------------------------------------------------------------------------------------------------------

An intriguing way to explore the contribution of individual components of the immune system to anti--COVID-19 immunity is to monitor outcomes and biomarkers in patients with either native defects or iatrogenic manipulation of their immune system.
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In the absence of clear biological data, however, and given the urgent need for novel therapeutic options, we offer our perspective on the anti--COVID-19 immune response. While both innate and adaptive immune activation likely contribute to COVID-19--mediated toxicity, decades of mechanistic work support a requirement for a functional immune system to achieve durable antiviral control. Given the critical role of the immune response in this context, we would caution against immunosuppression without a mechanism of antiviral control, either pharmacologically or through activation of innate or adaptive immunity. We also suggest that adequate T cell homeostasis is not only predictive of but required for successful viral clearance and clinical improvement.

Therefore, when exploring blockade of the innate immune response, we recommend approaching patients with early decompensation differently from patients who deteriorate later during their hospitalization, as these are likely to reflect immunologically distinct sets of patients. In patients with early, rapid deterioration and clinical and laboratory hallmarks of increased inflammation (fevers, shock, and elevations in IL-6 and C-reactive protein), attenuation of the peak immune response, either with corticosteroids or more specifically targeting of IL-6 or IL-1β, may limit bystander tissue toxicity during the early immune response. However, early immune hyperactivity may be a reflection of high viral burden, and blockade of the immune response may simply mask an appropriate response to a significant viral infection. We therefore advise that any immunosuppression be for a limited period of time, and that patients who receive early immunosuppression be monitored to ensure that they do not recrudesce with severe disease.

Furthermore, we recommend particular caution when considering early immunosuppression in patients with signs of underlying adaptive immune dysfunction, be it due to host risk factors or severe disease-related lymphopenia, as these patients may be at risk of viral dissemination. In patients who receive IL-6 blockade, careful follow-up and antibody serology should be considered to ensure development of anti-COVID IgG-mediated humoral immunity.

In patients who develop respiratory failure later in their hospital course, the negative consequences of ongoing innate immune activation may indeed support IL-6 blockade. However, the severe lymphopenia, T cell exhaustion, and consequent adaptive immunosuppression present in these patients may worsen the consequences of targeting innate immunity and, furthermore, may impede a much-needed protective antibody response. We urge caution when considering IL-6 blockade as monotherapy in this setting and suggest that it may best be paired with antiviral therapy. Furthermore, in these patients, as well as those with minimal or transient response to IL-6 blockade, we propose that treatments aimed at cautiously enhancing either innate immune-mediated antiviral immunity ([@bib45]) or adaptive T cell--mediated immunity may be beneficial. These may include but are not limited to activation of type I or type III interferon responses, blocking reactive oxygen species--mediated T cell death, or promoting T cell homeostasis and/or proliferation. In either early or late disease, an effective humoral response is a key contributor to viral clearance; here, we draw particular attention to the promise of treating infected patients with serum from convalescent patients that is rich in immunoglobulins targeting COVID-19 ([@bib24]). This may help overcome the impairment in humoral immunity imposed by IL-6 blockade. Development of monoclonal antibodies targeting the SPIKE glycoprotein may serve a similar purpose without subjecting patients to the risks of viral contamination from convalescent donors ([@bib92]). These potential therapeutic approaches are described in [Fig. 4](#fig4){ref-type="fig"}.

![**Enhancing innate and adaptive immunity to combat COVID-19 infections.** **(A)** Enhancing antiviral sensing through activation of type I interferon responses or adaptive immunity by rescuing T cells from exhaustion-dependent cell death may improve anti--COVID-19 immunity, particularly in the context of blocking macrophage-dependent cytokine production. **(B)** Distinct strategies for modulating innate and adaptive immune responses during early and late COVID-19 infection may lead to more effective viral control.](JEM_20200678_Fig4){#fig4}

Conclusions {#s6}
===========

We are in the very nascent stages of our understanding of how the interaction between innate and adaptive immunity mediates both viral control and host toxicity during severe COVID-19 and other pandemic viral infections. Despite limitations in our capacity to investigate the mechanistic underpinnings of COVID-19--driven pathology, we can draw upon knowledge gained from years of fundamental work in viral immunology to rapidly select and test treatment options that recruit both innate and adaptive immune mechanisms to prevent and treat this and future viral pandemics.
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